In 2 experiments, a total of 184 pigs (PIC, initial BW of 10.3 and 9.7 kg for Exp. 1 and 2, respectively) were used to develop an available P (aP) release curve for commercially available Escherichia coli-derived phytases. In both experiments, pigs were fed a corn-soybean meal basal diet (0.06% aP) and 2 diets with added inorganic P (iP) from monocalcium phosphate (Exp. 1: 0.075 and 0.15% aP; Exp. 2: 0.07 and 0.14% aP) to develop a standard curve. In Exp. 1, 100, 175, 250, or 500 phytase units (FTU)/kg of OptiPhos 2000 or 200, 350, 500, or 1,000 FTU/kg of Phyzyme XP were added to the basal diet. In Exp. 2, 250, 500, 750, or 1,000 FTU/kg of OptiPhos 2000; 500, 1,000, or 1,500 FTU/kg of Phyzyme XP; or 1,850 or 3,700 FTU/ kg of Ronozyme P were added to the basal diet. One FTU was defined as the amount of enzyme required to release 1 μmol of iP per minute from sodium phytate at 37°C. For all phytase products, the manufacturer-guaranteed phytase activities were used in diet formulation.
INTRODUCTION
The development of exogenous phytase (i.e., phosphatase enzymes that cleave P moieties from phytate) is one of the most important discoveries in animal nutrition (Cromwell, 2009) . In swine diets, the effect of phytase in improving P digestibility and reducing P excretion is well established (Jongbloed, 1987; Angel et al., 2005) . Phytase use is currently an integral part of achieving environmental sustainability and providing a more economical P source in swine and poultry diets (Selle and Ravindran, 2007) .
Several phytase products currently are commercially available; however, there is confusion regarding how to effectively compare these different sources. First, there is wide variation in recommended dosages for similar P release among different phytase sources. For instance, 1,850 phytase units (FTU)/kg of Peniophora lycii phytase (Ronozyme P, DSM Nutritional Products, Basel, Switzerland) is recommended to replace 0.10% available P (aP). Augspurger et al. (2004) demonstrated that 0.13% aP can be replaced in swine diets with 250 FTU/kg of OptiPhos (Phytex LLC, Sheridan, IN) , an Escherichia coli-derived phytase. But 500 FTU/kg
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of Phyzyme XP (Danisco Animal Nutrition, Marlborough, UK), another E. coli-derived phytase, is needed to replace 0.12% aP . There are also differences in the recommended assay for phytase activity among phytase manufacturers. The standard method is the AOAC assay (AOAC, 2000) ; however, an alternative assay was recently developed Kim and Lei, 2005) . Development of a common dose-response curve for P release may allow optimum use of different sources of phytase at a wide range of levels. Therefore, the objectives of this study were to evaluate the effects of 3 sources of commercially available phytases on late nursery pig performance and develop an aP release curve for E. coli-derived phytases. The current study used inclusion rates as directed by the product labels, which gives field-applicable aP release values.
MATERIALS AND METHODS
Experimental procedures used in these studies were approved by the Kansas State University Institutional Animal Care and Use Committee.
Animals
In Exp. 1, a total of 88 barrows (PIC C29 × 337, Hendersonville, TN; initial BW, 10.3 kg) were used in a 21-d growth trial. Pigs were blocked by BW and allotted to 1 of 11 dietary treatments. In Exp. 2, a total of 96 pigs (PIC C29 × 337, Hendersonville, TN; initial BW, 9.7 kg) were used in a 21-d growth trial. Pigs were blocked by sex and BW and allotted to 1 of 12 dietary treatments. Both experiments had 1 pig per pen and 8 pens per treatment. Each pen was 0.8 × 1.0 m 2 and contained a 2-hole, dry self-feeder and 1 nipple drinker to provide ad libitum access to feed and water. The studies were conducted in 4 adjacent rooms at the research farm (Discovery Nursery, Burton Russell Research Farm, JBS United Inc., Frankfort, IN).
Experimental Diets
A common corn-soybean meal diet containing 0.06% aP was fed to all pigs for 6 d before the experiment to acclimatize pigs to a P-deficient diet. At the start of the experiment, pigs were fed a corn-soybean meal basal diet (0.06% aP) and 2 diets (Exp. 1: 0.075 and 0.15% aP; Exp. 2: 0.07 and 0.14% aP) with added inorganic P (iP) from monocalcium phosphate to develop a standard curve. Diets were formulated to contain a Ca:P ratio of 1.78, 1.60, and 1.53 for Exp. 1 and 1.26, 1.20, and 1.15 for Exp. 2. The basal diet (negative control) and diets with monocalcium phosphate were formulated with no phytase and 0.9 kg of cornstarch. In Exp. 1, phytase levels of 100, 175, 250, or 500 FTU/kg of OptiPhos 2000 or 200, 350, 500, or 1,000 FTU/kg of Phyzyme XP were added to the basal diet. In Exp. 2, phytase levels of 250, 500, 750, or 1,000 FTU/kg of OptiPhos 2000; 500, 1,000, or 1,500 FTU/kg of Phyzyme XP; or 1,850 or 3,700 FTU/kg of Ronozyme P were added to the basal diet. One FTU is defined as the amount of enzyme required to release 1 μmol of iP per minute from sodium phytate at 37°C. The diets were formulated to contain a constant Ca:P ratio of 1.78 for Exp. 1 and 1.26 for Exp. 2, which is the same ratio used for the basal diet. The OptiPhos 2000 and Phyzyme XP are both E. coli-derived phytases, whereas Ronozyme P is produced from P. lycii. Treatment premixes for both experiments were made at the Kansas State University Swine Research Laboratory. The phytase premixes consisted of cornstarch with or without a phytase source (OptiPhos, Phyzyme XP, or Ronozyme P). The same lots of OptiPhos and Phyzyme XP were used to make premixes for both experiments. Phytase was stored in a freezer for approximately 6 mo between experiments. In both experiments, the P premixes consisted of sand with or without monocalcium phosphate (21% P). The negative control and diets containing phytase were made with no monocalcium phosphate and 1.4 (Exp. 1) or 1.8 kg (Exp. 2) of sand. All experimental diets were fed in meal form.
Diet Preparation
In Exp. 1, all treatment diets were produced from a single basal diet (Table 1 ) made in 2 batches at the Kansas State University Animal Science Feed Mill. Each bag was marked by batch and bagging order. The first 3 and last 2 bags of each batch were discarded and not used in experimental diet preparation. Diets for each individual treatment were mixed from the basal diet. A total of 89.6 kg of each batch of the basal diet was used to make 179.2 kg of each treatment diet. To mix the experimental diets, 44.8 kg from each of the 2 batches (a total of 89.6 kg) was mixed for 2 min. A total of 2.3 kg of premix (0.9 kg of the phytase premix and 1.4 kg of the P premix) was added to the mixer, and the diet was mixed for an additional 2 min. The additional 44.8 kg of each batch of the basal diet was then added (total of 89.6 kg), and the diet was mixed for an additional 2 min. Approximately 14 kg of feed was removed from the mixer discharge and deposited back into the top of the mixer. The diet was then mixed for an additional 6 min. Finally, treatment diets were placed in 13.6-kg unlined bags and identified by treatment.
In Exp. 2, premixes were manufactured at Kansas State University and individually coded to blind the feed mill and research farm to treatment. Then, premixes were shipped to a commercial company (JBS United Inc., Sheridan, IN) where they were added to a single basal diet ( Table 1 ) that was made in 3 batches at the feed mill (Burton Russell Research Farm, JBS United Inc.). Each bag was marked by batch and bagging order. The first and last 2 bags of each batch were discarded and not used in diet preparation. A total of 41.8, 68.9, and 68.0 kg of batch 1, 2, and 3 of the basal diet, respectively, was used to make 178.7 kg of each treatment diet. To mix the experimental diets, one-half of each batch (total of 89.4 kg) was added to the mixer and mixed for 2 min. A total of 2.7 kg of premix (0.9 kg of phytase premix and 1.8 kg of P premix) was added to the mixer, and the diet was mixed for an additional 2 min. The remainder of each batch of the basal diet was added, and the diet was mixed for an additional 2 min. Approximately 14 kg of feed was removed from the mixer discharge and deposited back into the top of the mixer. The diet was then mixed for an additional 2 min for a total mixing time of 8 min. Finally, treatment diets were placed in 13.6-kg unlined bags and identified by treatment.
Chemical and Phytase Activity Analyses
Samples of the treatment diets, phytase products, and P premixes were taken at the time of diet preparation and stored for subsequent analyses. Samples of the complete diets for both experiments were analyzed for Ca and P (AOAC, 2000; Table 2 ). Diets in Exp. 1 were also analyzed for Lys content. In Exp. 1, a single batch of both the 500 FTU/kg of OptiPhos premix and 1,000 FTU/kg of Phyzyme XP premix was manufactured and analyzed for Lys, Ca, and P (AOAC, 2000; Table 2 ). Microingredients were also analyzed for Ca (AOAC, 2000) . In Exp. 2, a single batch of the 1,000 FTU/kg of OptiPhos premix, 1,500 FTU/kg of Phyzyme XP premix, and 3,700 FTU/kg of Ronozyme P premix was made and analyzed for Ca and P (AOAC, 2000; Table  3 ).
Phytase activities (FTU/kg) of the diets, pure phytase products, and premixes were analyzed using both the AOAC official method (2000 ( .12, AOAC, 2000 Engelen et al., 1994 Engelen et al., , 2001 ) and the Phytex method  Table 4 ). The AOAC analysis was performed in multiple commercial laboratories (3 and 2 laboratories for Exp. 1 and 2, respectively), and the Phytex analysis was performed in 1 laboratory (Phytex, LLC, Portland, ME).
In the AOAC official method, a 50-g sample (in duplicate) was extracted with 500 mL of distilled water containing 0.01% Tween 20. A 100-μL extract was then diluted with 300 mL of acetate buffer at pH 5.5. After preincubation of the diluted extract at 37°C, 0.8 mL of sodium phytate was added, and the sample was incubated for 30 min at 37°C. The reaction was stopped by adding 0.8 mL of molybdate/vanadate stop reagent. A blank was included for each sample. After preincubation of the blank, the stop reagent was added before adding the substrate. The yellow complex was measured colorimetrically at 415 nm. The blank value was subtracted from the sample value, and the released phosphate was quantified with a phosphate standard curve.
In the Phytex method, samples (in duplicate) were diluted in 0.2 M citrate buffer (pH 5.5), dissolved by stirring for 1 h, and filtered to separate the solids from the soluble enzyme. Aliquots (0.5 mL) of samples were incubated in a water bath at 37°C for 5 min, then 0.5 mL of 10.8 mM sodium phytate (diluted in 0.2 M citrate buffer, pH 5.5) was added, and the reaction was carried out for 15 min in a water bath at 37°C. The reaction was stopped by adding 1 mL of 15% trichloroacetic acid. Blanks were run by adding trichloroacetic acid to enzyme samples and incubating samples in the water bath for 15 min before adding sodium phytate. Samples were then centrifuged (2,000 × g, 10 min, 4°C), and 0.2 mL of supernatant was mixed with 2.0 mL of color reagent [a 3:1:1 mixture of 1 M sulfuric acid, 2.5% ammonium molybdate (wt/vol), and 10% ascorbic acid (wt/vol)], after which the mixture was incubated at 50°C for 15 min. Free-P concentration was measured colorimetrically at 820 nm.
Growth Data and Fibula Ash Collection
Average daily gain, ADFI, and G:F were determined by weighing pigs and measuring feed disappearance on Premixes were added by hand for each treatment and consisted of 1.4 or 1.8 kg of P premix. Made from the pure product and cornstarch.
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Statistical Analyses
All values greater than 3 SD away from the overall mean were considered outliers and removed for data analysis. Data were analyzed as a randomized complete block design with the pig as the experimental unit using the MIXED procedure (SAS Inst. Inc., Cary, NC). Treatment was considered a fixed effect, and pig and room were considered random effects in the model. Results were considered significant at P ≤ 0.05 and considered a trend at P ≤ 0.10. Orthogonal polynomials were used to determine linear and quadratic effects of increasing phytase. Coefficients for the contrast statements were derived using the integrative matrix language (PROC IML) procedures of SAS. Results of the statistical analyses showed that effects of the negative control and diets with added iP in Exp. 1 and 2 were in the linear portion of the phytase release curve. Therefore, these treatments were used to generate the standard curve in predicting aP release.
Standard curves were developed between phytase level of the diets and ADG, G:F, ash weight, and percentage bone ash to predict the percentage of aP released from the E. coli-derived phytases. First, total intake of aP from each diet was calculated, and this value was termed the dosage of aP administered to each pig through its diet. Using the calculated aP dosages, simple regression using PROC REG of SAS was used to determine the aP release from each phytase source for a given aP dosage (intercept) and the aP release from each response variable for a given aP dosage (slope). The percentage of aP released from each phytase source (Y) was then calculated by adding the value of aP release from each phytase source for a given aP dosage to the product of the value of aP release from each response variable for a given aP dosage and the value of the response variable (X).
RESULTS
In Exp. 1, Lys and P content in experimental diets were similar to formulated content (Table 2) . However, Ca content in experimental diets were greater than expected because of greater-than-anticipated Ca content in the microingredients. The analyzed Ca concentrations of the microingredients were 18.2, 10.4, and 16.9% for the medication, trace mineral premix, and vitamin premix, respectively. This resulted in larger ratios of Ca to total P (Ca:P; 2.04 to 2.20) for the negative control and all phytase diets. Smaller Ca:P ratios were used in Exp. 2, which resulted in diets having Ca and P concentrations similar to those used in diet formulation.
When the AOAC method was used, the negative control and diets with added monocalcium phosphate had phytase activities ranging from 57 to 117 and 58 to 78 FTU/kg in Exp. 1 and 2, respectively. In Exp. 1 and 2, phytase concentration in OptiPhos was nearly 3.1 and 2.5 times, respectively, that listed on the product label (Tables 4 and 5 ). In contrast, the phytase in Phyzyme XP was at the concentration listed on the product label in Exp. 1 and 0.7 times the listed concentration in Exp. 2. Ronozyme P was used and analyzed only in Exp. 2, and the analyzed values were similar to values reported on the product label. Results of the AOAC analysis in both experiments also indicated that, as expected, phytase content increased linearly as more phytase premix was added to the diet. When the Phytex method was used, analyzed phytase amounts were generally less than AOAC analyzed values for all premixes and diets (Tables 4 and 5 ). The negative control and diets with added monocalcium phosphate had phytase activities ranging from 52 to 86 and 70 to 160 FTU/kg in Exp. 1 and 2, respectively. In Exp. 1 and 2, phytase concentrations in Optiphos were 1.7 and 1.2 times greater, respectively, than the manufacturer-suggested content, and analyzed phytase in Phyzyme XP were 0.72 and 0.32 times less, respectively, than the manufacturer-suggested concentration. Analyzed values for Ronozyme P were 0.5 times the manufacturer-suggested concentration. Results of the Phytex assay were not as consistent as those of the AOAC assay with increasing enzyme content; however, the Phytex assay was conducted in only 1 laboratory, whereas the AOAC assay was an average of results from 3 (Exp. 1) or 2 (Exp. 2) laboratories. Within laboratory, the Phytex assay was less consistent with calculated values than any single AOAC assay.
Exp. 1
Pigs fed increasing monocalcium phosphate had improved (linear, P < 0.01) ADG, ADFI, G:F, bone ash weight, and percentage bone ash (Table 6 ). Pigs fed increasing OptiPhos had improved (linear, P = 0.02) ADG, G:F, and percentage bone ash and increased (quadratic, P = 0.05) bone ash weight. Pigs fed increasing Phyzyme XP had improved (linear, P = 0.03) ADG and G:F as well as a tendency for increased (linear, P = 0.06) percentage bone ash.
The percentage of aP released from each phytase source varied among the different response criteria used to calculate the values (Table 7) . The least aP release values for both E. coli-derived phytase sources were calculated with ADG as the response criteria. The aP release values calculated with G:F as the response criteria were nearly identical for all levels of OptiPhos, whereas release values generally increased with increasing Phyzyme XP to an overall release value that was similar for both phytase sources. The aP release values calculated from bone ash weight were similar for all levels of Phyzyme XP, with the exception of 500 FTU/ kg. However, calculated aP release values were not as consistent for OptiPhos, as evidenced by the secondsmallest phytase dose releasing the largest percentage of aP. Using percentage bone ash as the response criteria provided the clearest response to the percentage of aP release. As both OptiPhos and Phyzyme XP increased, calculated aP increased in a quadratic fashion to the largest phytase dose. Phytase comparison and phosphorus release curve
Exp. 2
Pigs fed increasing monocalcium phosphate had improved (linear, P < 0.001) G:F and percentage bone ash, improved (quadratic, P = 0.01) ADFI, and tended to have improved (linear, P = 0.07, quadratic, P = 0.09) ADG (Table 8) . Pigs fed increasing OptiPhos had improved (linear, P = 0.01) ADG, G:F, bone ash weight, and percentage bone ash and tended to have increased (linear, P = 0.07) ADFI. Pigs fed increasing Phyzyme XP had improved (linear, P = 0.01) G:F and percentage bone ash and tended to have increased (linear, P = 0.09) bone ash weight. Pigs fed increasing Ronozyme P had improved (linear, P = 0.004) ADG, ADFI, G:F, bone ash weight, and percentage bone ash.
The percentage of aP released from each phytase source and inclusion level varied among the different response criteria used to calculate the values ( Table 9 ). The smallest aP release value for 250 FTU/kg of OptiPhos was calculated from ADG, whereas the smallest aP release values for 500, 750, and 1,000 FTU/kg of OptiPhos were calculated from bone ash weight. In contrast, the largest aP release value for all OptiPhos inclusion levels was calculated from percentage bone ash. The smallest aP release value for 500 FTU/kg of Phyzyme XP was calculated from percentage bone ash, whereas the smallest release values for 1,000 and 1,500 FTU/kg of Phyzyme XP were calculated from ADG. The largest aP release value for 500 FTU/kg of Phyzyme XP was calculated from G:F, whereas the largest release values for 1,000 and 1,500 FTU/kg of Phyzyme XP were calculated from percentage bone ash. Finally, the smallest aP release values for 1,850 and 3,700 FTU/kg of Ronozyme P were calculated from bone ash weight and G:F, respectively. The largest aP release value for both Ronozyme P levels was calculated from percentage bone ash.
Exp. 1 and 2
Responses to various criteria were plotted against analyzed phytase content by using average values of the AOAC phytase assays from both E. coli-derived phytase sources (OptiPhos and Phyzyme XP). The model showed that 77% of the variation in percentage bone ash was explained by analyzed phytase content in the diet (Figure 1 ). Similarly, a P release curve was calculated by plotting aP released for each content of phytase against the analyzed AOAC phytase content. With percentage bone ash as the response criteria, approximately 73% of the variation in aP release was explained by analyzed content of phytase in the diet (Figure 2) . By using AOAC analyzed values and percentage A total of 128 pigs (1 pig per pen and 8 pens per treatment) with an initial BW of 9.7 kg. Pigs were fed the control diet (0.06% available P) during a 6-d pretest period, then fed experimental diets for 21 d. A total of 128 pigs (1 pig per pen and 8 pens per treatment) with an initial BW of 9.7 kg. Pigs were fed the control diet (0.06% available P) during a 6-d pretest period then fed experimental diets for 21 d. 
DISCUSSION
Widespread commercial use of exogenous phytases in swine and poultry diets necessitates the need for a rapid, accurate assay for phytase activity in animal diets. Engelen et al. (1994) introduced a simple, rapid colorimetric method for measuring phytase activity that is based on the principle that phytase releases inorganic phosphate from the substrate phytate under defined assay conditions. This method involves direct extraction of phytase from the sample, and activity is determined by the color formation between molybdate and the released inorganic orthophosphate from sodium phytate at 37°C and pH 5.5. These prescribed assay conditions were optimal reaction conditions for Aspergillus niger phytase. Engelen et al. (2001) further modified the method for measuring phytase activity in animal feed. The revisions were simply the inclusion of additional steps for grinding and extracting feed samples before enzyme assay. This revised method was designated as AOAC Official Method 2000.12, which became the standard assay for phytase activity (AOAC, 2000) .
In past years, genetic engineering has led to commercial development and production of various sources of phytase. In addition to the original A. niger phytase developed in the 1990s, current commercial phytases include those expressed or derived from a host of different fungal and bacterial sources such as P. lycii and E. coli.
Both in vitro and in vivo studies have demonstrated distinct differences in biochemical properties and efficacy between phytase sources (Rodriguez et al., 1999; Yin et al., 2007) , which may be related to their pH optima, catalytic mechanisms, or stereospecificity of phytate hydrolysis (3-or 6-phytases). The pH optima for phytase activity is bimodal for A. niger phytase (pH 2.5 and 5.5), whereas it occurs at pH 4.0 to 4.5 for P. lycii phytase and pH 2.5 to 3.5 for E. coli-derived phytase (Adeola et al., 2004) . In terms of stereospecificity, A. niger phytase is a 3-phytase, whereas P. lycii and E. coli-derived phytases are 6-phytases (Kornegay, 2001; Augspurger et al., 2004) . The 3-phytase (EC 3.1.3.8) is normally of microbial origin and starts to cleave phosphates at the carbon-3 position of the phytate molecule, giving rise to d-myo-inositol 1,2,4,5,6-pentakisphosphate (Kornegay, 2001 ). On the other hand, a 6-phytase (EC 3.1.3.6) is in the same form as intrinsic phytases in plants and begins cleaving at the carbon-6 position, preferentially yielding l-myo-inositol 1,2,3,4,5-pentakisphosphate as the first intermediates.
Because of these intrinsic differences between commercial phytase sources, the validity of using the standard AOAC method to analyze phytase activity of all products for either regulatory or comparative purposes has been questioned (Isaksen and Dalsgaard, 2007; Gizzi et al., 2008) . First, the method was developed and validated using A. niger phytase, which is also the standard reference for the assay. Second, large variation in assay results, and poor reproducibility often occurs when this method is used to determine phytase activity in feed ingredients or complete diets (Kim and Lei, 2005 ). Another concern is the measurement of phytase activity at pH 5.5, which may underestimate the specific activity of P. lycii and E. coli-derived phytases (Rodriguez et al., 1999; Augspurger et al., 2004) . Rodriguez et al. (1999) showed that an E. coli-derived phytase retained about 65% of its original activity when assayed at pH 5.5. Ullah (1988) also suggested that free or water-soluble P in samples may result in increased backgrounds, which inhibit phytase to completely break down the phytate added in the assay mixture. The strong background of color in blanks also decreases color contributions by enzymatic hydrolysis, resulting in unstable absorbance readings. Kim and Lei (2005) also indicated that formation of an oily layer on the surface, probably due to fat and carbohydrate complex from the direct extraction of complete diets or feedstuffs, makes it difficult to accurately sample or completely mix the samples with the enzyme assay solutions.
Several alternative methods for determining phytase activity have been developed that are based on the same chemical principle but use different procedures. One of these methods is the Phytex assay , which was developed specifically for an E. coliderived phytase (i.e., OptiPhos 2000). The main differences between the Phytex and AOAC methods are the type of buffer, extraction time, and color reagent AOAC, 2000) . The Phytex assay extracts P with a 0.2 M sodium citrate buffer, whereas the AOAC assay uses a 0.2 M sodium acetate buffer, Tween 20, and BSA. Incubation time for the Phytex assay is 15 min, and the AOAC method requires 60 min. The color reagent used in the Phytex assay has a wavelength of 820 nm, whereas 415 nm is used in the AOAC method. The Phytex assay includes a filtration step for feed samples to remove increased background P from inorganic phosphates before they are assayed, but AOAC method does not (AOAC, 2000; Augspurger et al., 2003) . Therefore, it is expected that phytase activity of the different phytase products will vary according to the method used for phytase analysis.
In the current study, diets devoid of exogenous phytase (negative control diet and diets with added monocalcium phosphate) had phytase activities (calculated using both the AOAC and Phytex methods) ranging from 52 to 160 FTU/kg. This is expected because of the inherent presence of phytase in corn and soybean meal (15 and 40 FTU/kg, respectively; Eeckhout and De Paepe, 1994) . Overall, greater phytase concentrations were observed when using the AOAC method compared with the Phytex method, which may be a reflection of differences between the 2 methods. There is also a difference in the level of accuracy of the analysis depending on the phytase product and assay method. For OptiPhos, phytase concentrations of the diets were 2.5 to 3.1 times greater than formulated values when the AOAC method was used but only 1.2 to 1.7 times greater when the Phytex method was used. For both Phyzyme XP and Ronozyme P, phytase concentrations of the diets were similar (0.7 to 1.0 and 0.9 to 1.0 times for Phyzyme XP and Ronozyme P, respectively) to formulated values when the AOAC analysis was used but less (0.3 to 0.7 and 0.5 times for Phyzyme XP and Ronozyme P, respectively) when the Phytex method was used. The manufacturers of Phyzyme XP and Ronozyme P recommend using the AOAC method for their products, whereas the Phytex method was developed and is recommended for OptiPhos. Results were closer to their formulated values when the recommended assay for each product was used. The dilemma occurs when an alternative method is used to analyze products for which it was not developed. Using the AOAC method for OptiPhos overestimated formulated levels by at least 2.5 times. Likewise, using the Phytex method underestimated phytase levels of Phyzyme XP and Ronozyme P. Analyzed values for OptiPhos obtained from the AOAC or Phytex method also indicate it is a more concentrated product than Phyzyme XP or Ronozyme P.
In a similar study, Isaksen and Dalsgaard (2007) analyzed 3 sources of phytase (A. niger, P. lycii, and E. coli-derived phytase) by using different analytical methods for measuring phytase activity, including the AOAC method. In their study, differences in measured activity between assays were also substantial, ranging from no difference to 50% or more for the 3 phytase sources. Results also showed that calcium concentration used in the assay affected recovery of the 3 tested phytases, with the E. coli-derived phytase giving lessthan-expected recoveries and the P. lycii phytase giving greater-than-expected recoveries. Therefore, both studies demonstrated that different phytase products that are quantified in units with the same basic definition can give very different recoveries in feed assays. Assay method must be considered when comparing different phytase products for regulatory or commercial purposes.
In Exp. 1, overall growth performance of pigs was less than expected. Chemical analysis of the diets revealed greater Ca content because of greater-than-anticipated Ca content in the microingredients. This resulted in larger Ca:P ratios (2.04 to 2.20) for the negative control and all phytase diets. Previous research indicates that the larger Ca:P ratios may have decreased ADG and G:F in Exp. 1 (Qian et al., 1996; Hanni et al., 2005; Adeola et al., 2006) . Qian et al. (1996) demonstrated that wide Ca:P ratios (1.5 to 2.0:1) in low-P corn-soybean meal diets can reduce efficacy of phytase in promoting growth performance of pigs. However, these ratios did not seem to affect percentage bone ash or aP release levels calculated from percentage bone ash. Nevertheless, Ca:P ratios were adjusted in Exp. 2. Linear improvements in growth performance and bone characteristics were observed with increasing aP supplied by monocalcium phosphate. Phosphorus deficiencies have been shown to negatively affect growth and percentage bone ash in pigs (Vipperman et al., 1974; Mahan, 1982) , which supports our findings in both experiments of linear increases in feed efficiency and percentage bone ash with added monocalcium phosphate. Increasing phytase resulted in growth performance improvements that were similar to effects reported in other research (Augspurger et al., 2004; Braña et al., 2006) . For instance, adding 500 FTU/kg of Phyzyme XP to the control diet improved ADG by 11.3 and 12.9% in Exp. 1 and 2, respectively. Similarly, adding 500 FTU/ kg of Phyzyme XP to diets deficient in aP improved ADG by 11.2 (Adeola et al., 2004) , 7.5 (Braña et al., 2006) , and 10.4% . This indicates that all phytase sources added to the diets were active in liberating inorganic phosphates and that released P was absorbed and used to meet P needs for maintenance and growth.
The influence of E. coli-derived phytase source on percentage bone ash follows the quadratic response for aP release that has been previously reported for fungal phytase sources (Kornegay, 1996) . Percentage bone ash explained 77% of the variation in analyzed phytase value, which was the greatest of any of the measured variables (63, 36, and 39% for ADG, G:F, and bone ash weight, respectively). This indicates that percentage bone ash was the best variable to use to predict aP release. This agrees with previous research, indicating that bone characteristics are more sensitive to increasing concentrations of aP than growth performance (Zhang et al., 2000; Augspurger et al., 2004; Jendza et al., 2006; Veum et al., 2006; James et al., 2008) . In the present study, aP release values for E. coli-derived phytase predicted by using AOAC analyzed values agree largely with a previously published summary for fungal phytase sources (Kornegay, 1996) , indicating that aP release levels can be predicted from E. coli-derived phytases when their AOAC assayed value is less than 1,000 FTU/kg. More research needs to be conducted to further evaluate release values for greater phytase content.
Recently, Kerr et al. (2010) developed regression equations to estimate aP release in finishing pigs. They used improvements in apparent total tract digestibility of P after adding different phytase products from 0 to 1,000 FTU/kg of the diet. In their study, the aP release at 500 FTU/kg of the diet was 0.100 and 0.039% for OptiPhos and Phyzyme XP, respectively. An analyzed AOAC phytase content of 500 FTU/kg of OptiPhos or Phyzyme XP released 0.103% aP in the current study. The difference in the aP release between the 2 studies may be due to differences in the methodology used to develop each model. Kerr et al. (2010) used the label specifications for the dosages and analyzed both the feed and products for each treatment using the recommended assay of the manufacturer for each product to develop their models. In their analyses, the analyzed phytase activity of OptiPhos was 4.65 times greater than the concentration declared for the product, whereas Phyzyme XP and Ronozyme P were 1.0 and 1.12 times the declared concentration when the AOAC method was used. These results agree with the current study. This also indicates that 500 FTU/kg of OptiPhos is not the same as 500 FTU/kg of Phyzyme XP when analyzed using each of their recommended assays. In the current study, dosages were also added according to label specifications, but the regression model was developed using analyzed values of both feed and products from a single assay (i.e., AOAC method). Overall, results of Kerr et al. (2010) indicate much smaller release than suggested by the manufacturers and previous researchers (Augspurger et al., 2004; Jendza et al., 2006) , whereas release values estimated in the current trial are similar to previous research and manufacturer suggested release rates.
In summary, when percentage bone ash is used as the response criteria, aP release for the different phytase sources tested in this study is similar to the manufacturers' recommendations when the products are used according to label phytase (0.12% for 250 FTU/kg of OptiPhos, 0.10% for 500 FTU/kg of Phyzyme XP, and 0.10% for 1,850 FTU/kg of Ronozyme P). When analyzed using the AOAC method, aP release curves for the E. coli-derived phytases appear to have similar release curves, at least up to 1,000 FTU/kg. When supplementing P-deficient diets, the aP release for up to 1,000 FTU/kg of E. coli-derived phytases (OptiPhos and Phyzyme XP) can be predicted by the equation Y = -0.000000125X 2 + 0.000236X + 0.016, where Y = aP release (%) and X = analyzed phytase content (FTU/ kg) in the diet determined using the AOAC method. A potential concern that merits research is whether these equivalence values can be applied to diets containing greater P content and different amounts of phytate P and achieve the same biologic response.
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